Abstract: A cost-effective mode-division-multiplexing and time-division-multiplexing passive optical network (MDM-TDM PON) utilizing a self-coherent detection for upstream signal at optical line terminal (OLT) and a high-gain reflective semiconductor optical amplifier (RSOA) as an optical amplifier for a downstream signal at optical network units (ONUs) to enhance bidirectional power budget is proposed. Meanwhile, to further reduce the cost of ONU, RSOA is also used as upstream on-off keying (OOK) signal modulator by time compression multiplexing. A novel dual-modulus algorithm is proposed for OOK signal detection at the OLT. We experimentally verify the proposed MDM-TDM PON architecture with an upstream 1-Gb/s OOK signal and a downstream 10-Gb/s orthogonal frequency division multiplexing (OFDM) signal. Due to the high gain of RSOA and high receiver sensitivity of self-coherent detection, a 30-dB bidirectional power budget is achieved after 10-km few-mode fiber and a 20-km standard single-mode fiber at the bit error rate (BER) of 10 −3 . Optimal seed power and signal power that input to the RSOA are investigated in this paper.
Introduction
The passive optical network (PON) has been considered as a dominant solution for optical access due to the advantages of cost effectiveness, energy savings, and service transparency [1] , [2] . Besides the current commercial PON based on time-division-multiplexing (TDM), several alternative approaches such as PON architecture based on wavelength-division-multiplexing (WDM), orthogonal frequency-division-multiplexing (OFDM), and optical code division multiplexing (OCDM) were also proposed [3] - [5] . For next-generation PON technologies supporting more subscribers, multidimensional PON architectures, including WDM-TDM PON, TDM-OFDM PON, and TDM-OCDM PON, were proposed [6] - [9] . For example, in WDM-TDM PON, a number of wavelengths are deployed and each wavelength is shared through TDM among several optical network units (ONUs) rather than being dedicated to a single ONU in the WDM PON case. The multidimensional multiplexing technology can effectively expand PON scale and offer both high bandwidth and high resource utilization efficiency.
With the explosive demand of broadband Internet, mode has been proposed as a new independent multiplexing dimension for PON to support more subscribers [10] , [11] . In our previous works [12] and [13] , we have experimentally verified the feasibility of mode-division-multiplexing (MDM) optical distribution network (ODN) cascaded with multiple conventional TDM ODNs or WDM ODNs to extend the scale of MDM-PON. In both works, costly external modulators are used in the ONU. When constructing hybrid PON of larger scale, how to improve power budget while reduce the cost and complexity of ONU is a critical concern. In this paper, we focus on enhancing bidirectional power budget of MDM-TDM-PON while keeping ONU cost-effective. We propose a novel MDM-TDM PON architecture with self-coherent detection for upstream signal at optical line terminal (OLT) and cost-effective reflective semiconductor optical amplifier (RSOA) as optical amplifier for downstream signal at ONUs. Meanwhile, to further reduce the cost at each ONU, RSOA is also used as upstream OOK signal modulator by reusing the wavelength from OLT utilizing time compression multiplexing [14] . A novel dual-modulus algorithm (DMA) is proposed for OOK signal detection at the OLT. With the high gain RSOA and selfcoherent detection combined with robust DMA equalization scheme, the double ODN power budget demand owing to the signal round trip through the transmission line is effectively compensated. Meanwhile, the effective area of few-mode fiber (FMF) can be much larger than that of single-mode fibers (SMF) thus it can support higher input power to enhance power budget [15] . We experimentally verify the proposed MDM-TDM PON architecture with 1 Gb/s upstream on-off keying (OOK) signal and 10 Gb/s downstream OFDM signal with transmission distance of 10-km FMF and 20-km SSMF. 30 dB bidirectional power budget is achieved. What is more, we sweep the seed power and signal power that input to the RSOA to validate the feasibility of the proposed scheme with dynamic input power range.
Technique Principle
The schematic of MDM-TDM PON architecture is shown in Fig. 1 . MDM-ODN is cascaded with multiple conventional TDM-ODNs to extend the scale of PON. By utilizing low modal-crosstalk FMF and all-fiber mode multiplexer/demultiplexer (MUX/DEMUX), mode is operated as independent dimension and the signal at each ONU/OLT can be individually detected without multipleinput multiple-output (MIMO) digital signal processing (DSP) that joints mode processing. The proposed bidirectional MDM-TDM PON architecture can be operated in burst mode, as shown in the inset of Fig. 1 . The transmitter and receiver are synchronized. The first burst section is downstream data to all the ONUs and then, after a guard band, unmodulated optical carrier is sent for upstream modulation purpose. The downstream and upstream are time compression multiplexed and only unidirectional signal is transmitted and received at each time slot, so the back-propagation contaminations from opposite stream signal can be omitted. The time scheduling is operated in one TDM ODN with single mode. Different modes can be operated at they own time scheduling. The RSOA is biased at a proper DC current to operate as a pre-amplifier for downstream transmission and a re-modulator for upstream transmission simultaneously. We adopt OOK modulation for upstream and OFDM for downstream. The OOK modulation simply the transmitter structure for ONU and it can be compatible with polarization division multiplexing (PDM). The downstream OFDM modulation scheme can provide advantages such as great resistance to fiber dispersion, high spectral efficiency, and extreme flexibility for both multiple services access and dynamic bandwidth allocation [16] - [18] . Limited by the bandwidth of the RSOA, the scheme applies to the asymmetric traffic scenario where the downstream bandwidth is large while the upstream bandwidth is relative low [19] . Fig. 1 shows the detailed architecture, at the OLT, a transmitted laser is power split to two 1:N splitters and one part is utilized as downstream modulation carrier while the other part is as the local oscillator (LO) of upstream. For downstream, the split signals are respectively input to the MZM1 to MZMN for OFDM modulation. Then the OFDM signals from all the transmitters are combined and converted to specific modes by a mode MUX. After the FMF transmission, OFDM signals are mode demultiplexed and converted to the LP 01 mode at each TDM-ODN. Then the OFDM signals with the same mode are split to all the ONUs of TDM-ODN and then amplified and reflected to the receiver by the RSOA. Each ONU receives and demodulates its corresponding OFDM subcarriers. Dynamic bandwidth allocation can be achieved by configuring the subcarrier number and its modulation order for each ONU. When for the upstream transmission, the seed light from the laser will not be modulated at OLT and directly input to the RSOA for upstream OOK modulation at ONU. Similar to the downstream, the signal from each ONUs are combined and converted to the specific modes of the FMF. At the OLT, the upstream signals are mode demultiplexed after few-mode circulator (FMC). Self-coherent detection with robust DMA equalization scheme is adopted for upstream OOK signal. Due to the high gain of RSOA and higher receiver sensitivity of self-coherent detection, the power budget can be effectively enhanced. What is more, thanks to the large effective core area of FMF compared with the SSMF, the power input FMF can be enhanced without additional nonlinear impairments to support larger splitting ratio. The proposed scheme can be expanded to multi-band and be compatible with WDM system attributed to the colorless characteristic of the ONU. Fig. 2 shows the proposed dual-modulus algorithm (DMA) for OOK signal detection. After coherent detection, blind equalization is performed to combat the linear channel impairments such as chromatic dispersion (CD) and polarization-mode-dispersion (PMD). Constant Modulus Algorithm (CMA) and Cascaded Multi-modulus Algorithm (CMMA) [20] are two commonly used blind equalization algorithms. However, the CMA cannot equalize OOK signal due to its inherent inconstant modulus while CMMA is specifically used to equalize QAM signal, which replaces a single radius of convergence with multiple new radiuses of convergence by a cascaded error function. To perform blind equalization for OOK signals, we can take the origin of coordinates as the second convergence radius, which is the basic idea behind the proposed DMA. The origin of coordinates can be taken as one convergence radius (i.e., R 1 ¼ 0) together with the other modulus R 2 ¼ 1. Thus, two new convergence radiuses A 1 and A 2 are defined to make the convergence error of OOK turn out to be zero Accordingly, the error function is
In the above equation, Z xy denotes the equalized symbols. Then the filter tap weight updating criteria are similar to CMMA [20] . After blind equalization, OOK hard-decision is performed. Compared with conventional coherent de-modulation, the frequency offset estimation and compensation are removed due to the self-coherent scheme. The laser phase noise will also cause constellation rotation in the constellation diagram, but evidently for OOK demodulation phase recovery can be omitted without causing penalty, which further simplifies receiver-side DSP compared with other complex modulation schemes.
Experimental Setup
To verify the feasibility of our proposed scheme, we have experimentally demonstrated a proof of concept the MDM-TDM PON scheme as shown in Fig. 3 . We utilize low modal-crosstalk twomode FMF, MUX/DEMUX and FMC to implement the few mode structure. When the number of the mode increases, low modal crosstalk between the mode groups and the degenerate modes in one mode groups are essential to support more ONUs. For the downstream transmission, we adopt similar scheme that was shown in our previous work [21] [22] , [23] . The modal-crosstalk from LP 01 to LP 11 is about −16 dB, while from LP 11 to LP 01 is −26 dB. At the ONU, the OFDM signals are amplified and reflected by RSOA and then detected by a linear photo-diode with 20 GHz bandwidth. RSOA is biased at 45 mA DC current. The received signal is then amplified by an electrical amplifier before being sampled by a real-time digital storage oscilloscope (Tektronix DPO72004B) operating at 50 GS/s. The sampled OFDM signal is decoded offline. For the upstream transmission, the seed light generated by the laser at the OLT is reflected and modulated by the RSOA to generate 2 7 À 1 PRBS upstream OOK signal. Limited by our available RSOA, the data rate is limited to 1 Gb/s. A new type of RSOA with higher modulation bandwidth and optimized drive circuit board can improve the modulation data rate. After upstream transmission, the OOK signals are self-coherent detected at OLT with DMA algorithm to improve receiver sensitivity.
Experimental Results
To investigate the performance of mode MUX/DEMUX and FMF, we measure far-field mode patterns of the downstream transmission at the points A and B in MDM-PON system as shown in Fig. 4 . These results show that LP 01 mode is successfully converted to LP 11 mode and then converted back using mode MUX/DEMUX after 10 km FMF transmission. Fig. 5(a)-(c) shows the eye diagram of upstream OOK signal at the output of RSOA, at the input of CoRx1 and CoRx2, respectively. We can see after upstream transmission, the signal in the two modes are deteriorated due to chromatic dispersion and mode crosstalk. Compared with LP 11 , LP 01 has a clearer eye opening due to smaller mode crosstalk. Fig. 6 shows the constellation diagrams before and after blind equalization for OOK signal under 10-km FMF and 20-km SSMF transmission. All data points finally converge to two radiuses (0 and 1). Thus, the decision can be performed by calculating the modulus of each bit and optimizing threshold detection. Fig. 7 (a) and (b) show the BER performances versus the received optical power for upstream and downstream, respectively. For upstream transmission, self-coherent detection can greatly improve the receiver sensitivity. Combined with advanced DMA algorithm for signal impairment compensation, only 1 dB power penalty is observed at BER of 10 −3 after link transmission. The output power of upstream signal after modulation and amplification is 0 dBm, so the power budget of the upstream is 30 dB. For downstream transmission, due to the high gain of RSOA, the receiver sensitivity is increased from −8 dBm to −17 dBm for both modes. The downstream power budget is 33 dB. From the results, we can see the system power budget bottleneck is in the upstream and the bidirectional power budget is 30 dB. Even though different mode coupling crosstalk between the two modes after FMF transmission, however, the crosstalk power is relative low compared with the original signal power. Combined with powerful DSP equalization, thus no obvious performance difference is observed for the two modes.
We also investigate the optimal seed power and signal power that input to the ONU. Fig. 8 (a) shows the sensitivity of the receiver that embed in the ONU. We can see when the input power is below −20 dBm, the amplified spontaneous emission (ASE) consume the gain of the RSOA and the downstream receiver has a low receiver sensitivity. When the signal power exceeds −17 dBm, the receiver sensitivity is about −9 dBm and starts to saturate. Higher input power will not improve the receiver sensitivity. Fig. 8(b) shows the upstream receiver sensitivity versus the seed power that input to the ONU. We can see when the seed power is low, the ASE of the RSOA will worsen the performance and degrade the receiver sensitivity. When the seed power beyond −13 dBm, the increasing power enhances the bias level optically inside the RSOA, and it degrades the extinction ratio of the OOK signal.
Conclusion
In this paper, we propose and experimentally demonstrate MDM-TDM PON utilizing selfcoherent detection for upstream signal at OLT and high gain RSOA as optical amplifier for downstream signal at ONUs to enhance bidirectional power budget. A novel dual-modulus algorithm (DMA) is proposed for OOK signal detection at the OLT. With the proposed scheme, 30 dB bidirectional power budget is achieved after 10-km FMF and 20-km SSMF at the BER of 10 −3 .
